In Brief
Adult stem cell niches must remain a consistent size to maintain optimal numbers of stem cells. Fairchild et al. find a novel role for occluding junctions in maintaining homeostasis of the fly testis stem cell niche. Disruption of these junctions in the differentiating somatic cells leads to growth of the niche via altered Notch and EGFR signaling.
SUMMARY
Stem cells can be controlled by their local microenvironment, known as the stem cell niche. The Drosophila testes contain a morphologically distinct niche called the hub, composed of a cluster of between 8 and 20 cells known as hub cells, which contact and regulate germline stem cells (GSCs) and somatic cyst stem cells (CySCs). Both hub cells and CySCs originate from somatic gonadal precursor cells during embryogenesis, but whereas hub cells, once specified, cease all mitotic activity, CySCs remain mitotic into adulthood [1, 2] . Cyst cells, derived from the CySCs, first encapsulate the germline and then, using occluding junctions, form an isolating permeability barrier [3] . This barrier promotes germline differentiation by excluding nichederived stem cell maintenance factors. Here, we show that the somatic permeability barrier is also required to regulate stem cell niche homeostasis. Loss of occluding junction components in the somatic cells results in hub overgrowth. Enlarged hubs are active and recruit more GSCs and CySCs to the niche. Surprisingly, hub growth results from depletion of occluding junction components in cyst cells, not from depletion in the hub cells themselves. Moreover, hub growth is caused by incorporation of cells that previously expressed markers for cyst cells and not by hub cell proliferation. Importantly, depletion of occluding junctions disrupts Notch and mitogen-activated protein kinase (MAPK) signaling, and hub overgrowth defects are partially rescued by modulation of either signaling pathway. Overall, these data show that occluding junctions shape the signaling environment between the soma and the germline in order to maintain niche homeostasis.
RESULTS AND DISCUSSION
The hub regulates stem cell behavior in multiple ways. First, the hub physically anchors the stem cells by forming an adhesive contact with both germline stem cells (GSCs) and cyst stem cells (CySCs). The hub thus provides a physical cue that orients centrosomes such that stem cells predominantly divide asymmetrically, perpendicular to the hub [4, 5] . Following asymmetric stem cell division, one daughter cell remains attached to the hub and retains stem cell identity while the other is displaced from the hub and differentiates. Second, hub cells produce signals, including the STAT ligand Unpaired-1 (Upd), Hedgehog (Hh), and the BMP ligands Decapentaplegic (Dpp) and Glass-bottomed boat (Gbb) , that signal to the adjacent stem cells to maintain their identity [6] [7] [8] . As germ cells leave the stem cell niche, two somatic cyst cells surround and encapsulate them to form a spermatocyst. As spermatocysts move from the apical to the basal end of the testis, both somatic cyst cells and germ cells undergo a coordinated program of differentiation [9, 10] . Previously, we showed that differentiation of encapsulated germ cells requires their isolation behind a somatic occluding junction-based permeability barrier [3] . Specifically, we identified a role for septate junctions, which are functionally equivalent to vertebrate tight junctions [11] , in establishing and maintaining a permeability barrier for each individual spermatocyst [3] .
During analysis of septate junction protein localization, we observed that some, notably Coracle, were expressed in both the hub and the differentiating cyst cells ( Figure S1A ). Moreover, knockdown of septate junction components in the somatic cells of the gonad resulted in enlarged hubs (Figures S1B and S1C). Based on these results, the role of septate junction components in regulating the number of hub cells was explored in detail. To this end, RNAi was used to knock down the expression of the core septate junction components Neurexin-IV (Nrx-IV) and Coracle (Cora) [12] in both the hub and cyst cell populations and the number of hub cells counted in testes from newly eclosed and 7-day-old adults. RNAi was expressed using three tissue-specific drivers: upd-Gal4, expressed in hub cells; tj-Gal4, expressed weakly in hub cells and strongly in both CySCs and early differentiating cyst cells; and eyaA3-Gal4, expressed strongly in all differentiating cyst cells, weakly in CySCs, and at negligible levels in the hub ( Figures S1D-S1F ) [1, [13] [14] [15] . To visualize hub cells, we used multiple established hub markers, including upd-Gal4, upd-lacZ, Fasciclin-III (FasIII), and DN-cadherin (DNcad) [1, 2] . Surprisingly, we found that knockdown of Nrx-IV or cora driven by upd-Gal4 gave rise to normal hubs ( Figures 1A-1F ). In comparison, knockdown of Nrx-IV or cora using tj-Gal4 or eyaA3-Gal4 led to large increases in the number of the hub cells ( Figures 1G-1L and 1M-1R). Hub growth was not uniform and varied between testes, but median hub cells numbers in Nrx-IV and cora knockdown testes grew by 30% and 55%, respectively, between 1 and 7 days post-eclosion (DPEs) ( Figure 1L ). However, in extreme cases, hubs contained up to five times the number of cells found in age-matched control testes ( Figure 1K ). This result was confirmed using a series of controls that discounted the possibility that hub overgrowth was due to temperature or leaky expression of the RNAi lines ( Figures S3A and S3B) . These results suggested that hub growth occurred as a result of knockdown of septate junction proteins in cyst cells rather than the hub. This was further supported using another somatic driver that is not thought to be expressed in the hub, c587-Gal4 [5, 16] (Figures S2A and S2B) . However, analysis of c587-Gal4 was complicated by the fact this driver severely impacted fly viability when combined with Nrx-IV or cora RNAi lines. Number of hub cells measured 1 and 7 days post-eclosion (DPEs). Septate junctions disrupted using UAS-RNAi-mediated knockdown of Nrx-IV or cora, expressed using upd-Gal4 Intriguingly, hub growth largely occurred after adult flies eclosed and not in earlier developmental stages. For example, when the driver eyaA3-Gal4 was used to knock down Nrx-IV or cora, hubs from 1-day-old adults were not larger than controls, but hubs from 7-day-old adults were significantly larger (Figures 1M-1R ). Moreover, overgrowth phenotypes were recapitulated when temperature-sensitive Gal80 was used to delay induction of eyaA3-Gal4-mediated Nrx-IV knockdown until after eclosion ( Figures S2C and S2D ). Hub growth manifested both in a higher mean number of hub cells per testis ( Figure S2C ) and by a shift in the distribution of hub cells per testis upward, toward larger hubs sizes ( Figure S2D ). This distribution suggested a gradual, stochastic process of hub growth, resulting in a population of testes containing a range of hub sizes ( Figures 1K, 1Q , and S2D). These results reveal progressive hub growth in adults upon knockdown of septate junction components in cyst cells and suggest that this growth is not driven by events occurring in the hub itself but rather by events occurring in cyst cells.
Niche size has been shown in various tissues, including vertebrate hematopoietic stem cells and somatic stem cells in the fly ovary, to be an important factor in regulating the number of stem cells that the niche can support [17, 18] . In the fly testes, it has been shown that mutants having few hub cells could nonetheless maintain a large population of GSCs [19] . To determine how a larger hub, containing more cells, affects niche function, we monitored the number of GSCs and CySCs after knockdown of septate junction components in cyst cells. Overall, the average number of germ cells contacting the hub grew substantially in Nrx-IV or cora knockdown testes between 1 and 7 DPEs (Figure 2 ). To confirm that the germ cells contacting the hub were indeed GSCs, we studied spectrosome morphology and found it to be consistent with that seen in wild-type GSCs (Figures 2I and 2J) [20] . Moreover, in individual testes, there was a positive correlation between the number of hub cells and the number of GSCs (Figures 2B and 2D) . Similar growth was also observed in the number of CySCs, defined as cyst cells expressing Zfh1, but not the hub cell marker DNcad. Control testes (from tj-Gal4 3 w 1118 progeny) had on average 34.3 ± 1.30 CySCs whereas
Nrx-IV and cora knockdown testes had 53.4 ± 3.18 and 50.2 ± 4.92 CySCs, respectively (p values: <0.001 and <0.05; mean ± SEM; n = 10 per sample; measured 7 DPEs). These results show the importance of maintaining a stable stem cell niche size, as enlarged hubs were active and could support additional stem cells, which may result in the excess production of both germ cells and cyst cells. Next, we wished to determine the mechanism driving hub growth in adult flies upon knockdown of septate junction components in cyst cells. One possible mechanism that can explain this growth is hub cell proliferation. However, a defining feature of hub cells is that they are not mitotically active [1, 2] . Consistent with this, a large number of testes (control n = 124; Nrx-IV and cora RNAi n = 286) were stained for the mitotic marker phospho-histone H3 (pH3), and we never observed cells where upd-LacZ and pH3 were detected simultaneously ( Figures 3A-3C ). These results argue that division of hub cells is unlikely to explain hub growth in the adult Nrx-IV and cora knockdown testes. To determine the origin of the extra hub cells, we traced the lineage of eyaA3-expressing cells using G-TRACE [21] . We chose eyaA3 as both the expression pattern of septate junctions, and our Nrx-IV or cora knockdown results suggested that hub growth involved differentiating eyaA3-positive cyst cells. The eyaA3-Gal4 driver utilizes a promoter region of the eya gene, which is required for somatic cyst cell differentiation and is expressed at very low levels in CySCs and at high levels in differentiating cyst cells [14, 15, 22] (Figure S1F ). Using G-TRACE allows us to identify both cells that previously expressed eyaA3-Gal4 (marked with GFP) and cells currently expressing eyaA3-Gal4 (marked with a red fluorescent protein [RFP]); additionally, the hub was identified using expression of upd-LacZ and FasIII (Figures 3D and 3E ). In control experiments at both 1 and 7 DPEs, we observed few GFP-positive cells in the hub (0.4 ± 0.13 and 0.6 ± 0.14, respectively; mean ± SEM; Figures 3F-3J ). Those few GFPpositive cells could be explained by the transient expression of eya in the embryonic somatic gonadal precursor cells that form both hub and cyst cell lineages [1] or extremely low levels of expression in adult hub cells. When G-TRACE was combined with knockdown of Nrx-IV, the results were strikingly different. Initially, 1 DPE, hubs were only slightly larger than controls (13.3 ± 0.39 versus 11.6 ± 0.36; a 14% difference) and few GFP-positive hub cells were observed (0.4 ± 0.10; Figures 3F-3J ). In comparison, 7-DPE hubs contained on average more than twice as many cells compared to controls (24.3 ± 2.46 versus 11.5 ± 0.36; a 111% difference). Importantly, hub growth in Nrx-IV knockdowns was largely attributable to the incorporation of GFP-positive cells (8.4 ± 1.8; Figures 3F-3J ). Moreover, a population of upd-LacZ-labeled cells that were also RFP-positive was observed consistent with ongoing or recent expression of eyaA3-Gal4 in hub cells ( Figure 3E''', arrowhead) . These results suggest that knockdown of Nrx-IV or cora leads cyst cells to adopt hallmarks of hub cell identity and express hub-cell-specific genes.
To learn more about the differentiation state of non-endogenous hub cells in Nrx-IV and cora knockdown testes, we used various markers to label the stem cell niche. This analysis showed normal expression of hub cell markers, such as Upd, FasIII, DNcad, as well as Hedgehog (hh-LacZ), Armadillo (Arm), and DE-Cadherin (DEcad) (Figures 4A-4F) . We asked how cells that were previously, and in some instances were still, eyaA3 positive could express multiple hub-cell fate markers. To answer this question, we investigated the signaling mechanisms that determine hub fate in Nrx-IV and cora knockdown testes. Hub growth phenotypes similar to those produced by Nrx-IV and cora knockdown have been described previously, most notably in agametic testes that lack germ cells, suggesting that the germline regulates the formation of hub cells [23] . One specific germlinederived signal shown to regulate hub fate is the epidermal growth factor (EGF) ligand Spitz [24, 25] . In embryonic testes, somatic cells express the EGF receptor (EGFR), which, when activated, represses hub formation [26] . EGFR-induced mitogen-activated protein kinase (MAPK) signaling, visualized by staining for diphosphorylated-ERK (dpERK), was active in CySCs and spermatogonial-stage cyst cells ( Figure 4M ). Quantifying dpERKstaining intensity in cyst cell nuclei showed that MAPK activity was lower in CySCs following knockdown of Nrx-IV or cora, suggesting reduced EGFR signaling ( Figure 4K) . Moreover, the effect of Nrx-IV or cora knockdown on MAPK signaling was not restricted to CySCs, as lower dpERK staining was observed at a distance from the hub ( Figure 4L ). To see whether disruption of EGFR signaling could underlie hub defects in Nrx-IV and cora knockdown testes, we attempted to rescue these phenotypes by increasing EGF signaling. When a constitutively activated EGF receptor (EGFR-CA) [27] was co-expressed in cyst cells along with Nrx-IV RNAi, hub growth was attenuated, resulting in a reduction in the average number of hub cells compared to expressing only Nrx-IV RNAi (an increase of 14%, p < 0.05, compared to 79%, p < 0.001, between 1 and 7 DPEs; Figure 4H ). Similar results were also observed in the growth of the GSC population ( Figure 4J ), suggesting that reduced EGFR activation in cyst cells contributes to the overall growth of the stem cell niche caused by the knockdown of Nrx-IV or cora. Surprisingly, analysis of testes with loss-of-function mutations in the EGFR/ MAPK pathway reveals different phenotypes than those we observed: encapsulation is disrupted and CySCs are lost, but hub size is largely unaffected [28] [29] [30] . This result shows that the partial reduction in EGFR/MAPK signaling seen in Nrx-IV and cora knockdown testes results in distinct phenotypes and highlights the complexity of EGFR signaling in the fly testis.
Another pathway that is documented to regulate hub cell fate is Notch signaling. Notch plays important roles in hub specification in embryos [26] . The notch ligand Delta is produced by the embryonic endoderm and acts to promote hub cell specification in the anterior-most somatic gonadal precursor cells [31] . Whereas it has been suggested that Notch acts in the adult to regulate hub fate, such a role has not been clearly demonstrated. A reporter for the Notch ligand Delta (Dl-lacZ) was observed in hub cells of both control and Nrx-IV knockdown testes (Figures 4N and 4O) . Intriguingly, reducing Notch signaling efficiently rescued the hub overgrowth seen in adult Nrx-IV knockdown testes. When a dominant-negative Notch (Notch-DN) [32] was co-expressed in the somatic cells, along with Nrx-IV RNAi, the growth of the hub was reduced compared to the expression of Nrx-IV RNAi alone (an increase of 16%, p > 0.05, compared to 67%, p < 0.01, between 1 and 7 DPEs; Figure 4G ). Growth in the GSC population was not significantly reduced by of post-embryonic Notch signaling ( Figure S3C ). These results suggest that Notch signaling in cyst cells may contribute to the hub overgrowth phenotypes caused by septate junction knockdown in the adult testes. In addition to Notch and EGFR, other signaling pathways that regulate hub size may contribute to the hub growth seen upon somatic knockdown of septate junction components. For example, we previously showed that the range of BMP signaling is expanded following Nrx-IV or cora knockdown in cyst cells [3] . Constitutive activation of BMP signaling in the germline was shown to increase the size of the hub and the number of GSCs [33] . Additionally, the relative expression levels of the genes drm, lines, and bowl regulate hub size in the adult [34] . In particular, it is known that lines maintains a ''steady state'' in the testes by repressing expression of a subset of hub genes in the cyst cell population [34] . Unlike lines mutants, Nrx-IV or cora knockdowns generally lack ectopic hubs. This may reflect the more gradual hub growth seen in septate junction knockdowns or, alternatively, highlight key mechanistic differences in how hub growth is achieved in each respective genetic background. Our work is consistent with the model whereby occluding junctions are required for proper soma-germline signaling in the fly testes. This signaling maintains stem cell niche homeostasis by preventing somatic cyst cells from adopting hub cell fate, which would lead to niche overgrowth. It is well established that, in embryonic testes, hub fate is both positively and negatively regulated by signals from the germline and the endoderm [23, 26, 31] . Our results, and recent findings about the genes lines [34] and traffic jam [35] , argue that, in the adult testes, hub fate is actively repressed in the cyst cell lineage. Failure to repress hub fate allows cyst cells to exhibit features of hub cells and act as a functional stem cell niche. However, these cyst-cell-derived hub cells are distinct from the true endogenous hub cells in that they show non-hub-cell features, including expression of the differentiating cyst cell markers eyaA3-Gal4 ( Figure 3E ''') and b3-tubulin (Figures S1C and S1C''). Our data suggest that, following disruption of septate junctions proteins, the signaling environment surrounding the somatic cells is altered such that cyst cells gradually begin expressing hub cell markers.
One major outstanding question is how eyaA3-Gal4-expressing cyst cells become incorporated into the endogenous hub. Previously, we showed that a septate-junction-mediated permeability barrier forms by the four-cell spermatogonial-stage spermatocyst. The hub growth phenotypes induced by Nrx-IV and cora knockdowns may occur due to defects in cell-cell signaling, possibly involving EGFR and Notch, that manifest in these later spermatocysts. However, this model requires an explanation for how these cyst cells translocate back to and join the hub. Alternatively, signaling defects in these later spermatocysts are somehow instructing earlier cyst cells, such as CySCs, to join the hub. It is easier to envisage the latter model, as early cyst cells are spatially much closer to the hub, but the sequence of signaling events in such a case will be complex and require further elucidation. The ability of CySCs to convert into hub cells in wild-type testes is a controversial subject [34, 36] . However, the incorporation of CySCs into the hub does not necessitate complete conversion into hub cells but could rather involve simple de-repression or activation of genes that confer hub cell function, including regulators of the cell-cycle-and hub-cellspecific signaling ligands. Notably, the transition between CySC and hub cell fate is linked to the cell cycle [37] .
Why would loss of the septate-junction-mediated somatic permeability barrier result in disruption of signaling between the soma and germline? There are many possible answers, but we can speculate about two such mechanisms that explain hub overgrowth. One possibility is that germline differentiation, which is dependent on the permeability barrier, is required for the release of signals that maintain stem cell niche homeostasis. Another possibility is that the permeability barrier locally concentrates germline-derived signals that repress hub cell fate by trapping them in the luminal space between the encapsulating cyst cells and the germline. The latter scenario could explain our observation that activated EGFR signaling partially rescues hub overgrowth. In this model, septate junctions allow localized buildup of the EGF ligand Spitz, ensuring that sufficient signaling is available to repress hub fate. It is more difficult to draw strong conclusions about how Notch signaling is altered when septate junctions are disrupted, particularly as the Notch ligand Delta appears restricted to the hub. Overall, we find an unexpected role for an occluding-junction-based permeability barrier in mediating stem cell niche homeostasis. This work highlights how the architecture of the stem cell niche system in the fly testes, which is highly regular and contains a reproducible number of stem cells and niche cells, is in fact the result of an active and dynamic signaling environment.
